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ABSTRACT
The Galactic center is an interesting region for high-energy (0.1 − 100GeV) and very-high-
energy (E > 100GeV) γ-ray observations. Potential sources of GeV/TeV γ-ray emission have
been suggested, e.g., the accretion of matter onto the supermassive black hole, cosmic rays
from a nearby supernova remnant (e.g. SgrA East), particle acceleration in a plerion, or the
annihilation of dark matter particles. The Galactic center has been detected by EGRET and by
Fermi/LAT in the MeV/GeV energy band. At TeV energies, the Galactic center was detected
with moderate significance by the CANGAROO and Whipple 10m telescopes and with high
significance by H.E.S.S., MAGIC, and VERITAS. We present the results from three years of
VERITAS observations conducted at large zenith angles resulting in a detection of the Galactic
center on the level of 18 standard deviations at energies above ∼2.5TeV. The energy spectrum
is derived and is found to be compatible with hadronic, leptonic and hybrid emission models
discussed in the literature. Future, more detailed measurements of the high-energy cutoff and
better constraints on the high-energy flux variability will help to refine and/or disentangle the
individual models.
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1. Introduction
The strong radio source SgrA* located in the
center of our galaxy is believed to coincide with a
4 × 106M⊙ black hole. While molecular clouds
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and dust hide the view towards the Galactic
center at optical wavelengths, transient X-ray
events with a 2 − 10 keV energy output up to
1035 ergs/s are observed from SgrA* on a reg-
ular basis (Degenaar et al. 2013; Neilsen et al.
2013; Barriere et al. 2014), as well as transient
events at MeV/GeV energies (Vasileiou et al.
2011). Flares from X-ray binaries located in the
Galactic center region can reach luminosities up
to 1037 ergs/s (Muno et al. 2005; Porquet et al.
2005; Sakano et al. 2005; Wijnands et al. 2006;
Degenaar et al. 2012). Various astrophysical
sources located close to the Galactic center are
potentially capable of accelerating particles to
multi-TeV energies, such as the supernova rem-
nant SgrA East or the pulsar wind nebula (PWN)
G359.95-0.04 (Wang et al. 2006).
A recently discovered gaseous object, G 2, head-
ing towards the immediate vicinity of the Galac-
tic center (Gillessen, et al. 2012) is expected to
start merging into the black hole accretion stream
some time in 2013-2014. This potential merger
is a once-in-a-lifetime event that will allow ob-
servers to test magneto-hydrodynamical accre-
tion models and their potential link to emission
at the highest energies. Simulations show that
the expected change in accretion and emission
strongly depend on the origin/properties of the
object (Abarca et al. 2014; Ballone et al. 2014;
Saitoh et al. 2014) which have not yet been con-
strained well enough for accurate predictions. The
merging process can potentially last for several
decades and represents strong motivation for es-
tablishing a baseline for the γ-ray emission (as
presented here) as well as for ongoing long-term
monitoring of this region.
Observations of the Galactic center region
also provide an avenue for dark-matter detection
(Abramowski et al. 2011). Cold dark matter is
widely viewed to be an essential component of
the Universe in our current standard cosmologi-
cal model. A 100GeV to TeV scale thermal relic
with weak-scale interactions (or weakly interact-
ing massive particle, WIMP) could provide the
cold dark matter required to explain the observed
structure in the Universe as well as the matter den-
sity derived from cosmic microwave background
measurements. However, to effectively search for
a dark matter annihilation signal in the GeV/TeV
regime, it is necessary to first understand the dis-
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tribution, angular extent, and energy spectrum of
the astrophysical sources near the Galactic center.
Several astrophysical sources located in the
vicinity of the Galactic center can potentially
emit γ-rays at MeV/GeV/TeV energies. Defi-
nite associations, on the other hand, are ham-
pered by the limited angular resolution of instru-
ments in these wave bands, ranging from≃ 0.1 deg
at TeV energies to several degrees in the MeV
regime. The EGRET MeV/GeV γ-ray source
3EGJ1746-2851 is spatially coincident with the
Galactic center (Hartman et al. 1999). More
than one MeV/GeV source were resolved by the
Fermi/LAT instrument (20MeV < E . 100GeV)
in the inner ∼3 deg region around the Galac-
tic center (Abdo et al. 2010; Nolan et al. 2012),
with the strongest source being spatially coinci-
dent with the Galactic center (see sky map in
Sec. 3). Uncertainties in the diffuse Galactic back-
ground models and the limited angular resolution
of the Fermi/LAT limits the ability to study the
morphologies of these MeV/GeV sources in great
detail.
At GeV/TeV energies a detection of a source
coincident with the position of the Galactic center
was first reported by the CANGAROOII collabo-
ration which operated a ground-based γ-ray tele-
scope in the southern hemisphere. The CANGA-
ROO collaboration reported a steep energy spec-
trum dN/dE ∝ E−4.6 (250GeV < E . 2.5TeV)
with an integral flux above 250GeV at the level
of 10% of the Crab Nebula flux (Tsuchiya et al.
2004). Shortly after, evidence for emission above
2.8TeV from the Galactic center at the level of
3.7 standard deviations (s. d.) was reported from
1995-2003 large zenith angle (LZA) observations
(2.8TeV < E . 10TeV) with the Whipple 10m
γ-ray telescope (Kosack et al. 2004). (see Sec. 2
for an explanation of LZA observations).
Observations by H.E.S.S. in 2004-2006 con-
firmed the Galactic center as a GeV/TeV γ-ray
source in the energy range of 100GeV to several
tens of TeV (Aharonian et al. 2004). The mea-
sured energy spectrum is described by a power
law dN/dE ∝ E−2.1 with a cut-off at ∼15TeV
(Aharonian et al. 2009). No evidence for vari-
ability was found in the H.E.S.S. or Whipple data
over a time span of more than ten years. The dif-
ference between the energy spectrum measured by
CANGAROO compared to the spectra measured
by the other ground-based GeV/TeV instruments
could only be explained if the different instruments
observed different astrophysical sources in differ-
ent states of activity or if the CANGAROO re-
sults were affected by a measurement error (see
e.g. Yoshikoshi et al. (2009)).
Using the high-precision pointing system of the
H.E.S.S. telescopes (reducing the pointing uncer-
tainty to 6′′ per axis), the position of the super-
nova remnant SgrA East could be excluded as the
source of the TeV γ-ray emission (Acero et al.
2010). A diffuse GeV/TeV γ-ray emission was
identified after subtracting the point source lo-
cated at the position of the Galactic center
(Aharonian et al. 2006a). Its intensity profile is
aligned along the Galactic plane (see sky map
in Sec. 3) and follows the structure of molecu-
lar clouds. The energy spectrum of the diffuse
emission is described by a power law dN/dE ∝
E−2.3. It can be explained by an interaction
of local cosmic rays (CRs) with the matter in
the molecular clouds – indicating a harder spec-
trum and a higher flux of CRs in this inner re-
gion of the Galaxy as compared to the local CR
spectrum (dN/dE ∝ E−2.7) observed at Earth.
Recently, an additional, unresolved diffuse com-
ponent of γ-ray emission was identified by the
H.E.S.S. collaboration along the extended Galac-
tic plane (Egberts et al. 2013). The MAGIC col-
laboration detected the Galactic center in 2004/05
observations performed at large zenith angles at
the level of 7 s. d. (0.5 − 10TeV) (Albert et al.
2006), confirming the energy spectrum measured
by H.E.S.S.
VERITAS first reported a > 10 s. d. detection
of the Galactic center in 2010 LZA observations,
covering an energy range of 2.5TeV to several
tens of TeV (Beilicke et al. 2011). In this pa-
per we report on the results of three years (2010-
2012) of VERITAS observations of the Galactic
center region at large zenith angles at energies
above ∼2.5TeV. This paper focuses on the cen-
tral TeV γ-ray source coincident with the Galactic
center. The data were analyzed with the displace-
mentmethod which substantially improves the an-
gular resolution and sensitivity for data taken at
large zenith angles (see Sec. 2). The VERITAS
observations and results are discussed in Sec. 3. A
discussion, comparison to models and prospects of
future GeV/TeV γ-ray observations of the Galac-
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tic center region are presented in Sec. 4. A study
of the surrounding regions and the dark matter
upper limit will be discussed in a second publica-
tion.
2. Large zenith angle observations
The stereoscopic method of shower reconstruc-
tion in ground-based atmospheric Cherenkov tele-
scopes (such as VERITAS) is based on the in-
tersection of the major axes of the parameterized
Cherenkov images (Hillas) recorded in individual
telescopes (Hofmann et al. 1999). In general, this
method is very powerful since it makes use of the
full capabilities of the stereoscopic recording of air
showers. In the following this method is referred
to as the geometrical method.
An alternative technique has been developed for
data taken with single-telescopes (e.g. Whipple
10m), using an estimate of the displacement pa-
rameter which is measured along the major axis
of the image between the center of gravity of the
Hillas ellipse and the shower position in the cam-
era system (Buckley et al. 1998; Kosack et al.
2004; Domingo-Santamaria et al. 2005). For γ-
ray showers the displacement parameter has a cer-
tain characteristic expectation value (derived from
Monte Carlo simulations). Its value can be pa-
rameterized as a function of the Hillas param-
eters (Hillas 1985) of the corresponding image:
the length l, the width w, and the amplitude s.
Throughout this paper this method is referred to
as the displacement method.
Large zenith angle observations are observa-
tions where the Cherenkov telescopes are pointed
to low elevation angles, increasing the average dis-
tance to the detected showers. This results in a
larger footprint for the Cherenkov lightpool (in-
creasing the effective area), but a decrease of the
Cherenkov light intensity also results in an in-
crease of the energy threshold. The larger dis-
tance to the shower also decreases the parallac-
tic displacement between images in the different
telescopes. Moreover, given the large inclination
angle, the angular separation of the telescopes pro-
jected into the shower plane are foreshortened in
one dimension. The net effect is a strong reduction
in the average stereo angle between the major axes
of pairs of images, causing a large uncertainty in
the determination of the geometrical intersection
cos(zenith)
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Fig. 1.— VERITAS angular resolution (68% con-
tainment radius r68) as a function of cos(zenith)
derived from Monte Carlo simulations with the
requirement of at least three images involved in
the shower reconstruction. The geometrical al-
gorithm performs well for zenith angles < 40 deg
(cos(z) > 0.8) but gets worse for large zenith an-
gles. At zenith angles of 65 deg, the displacement
method outperforms the geometrical algorithm by
a factor of more than 2. A weighted combination
of both algorithms (geometrical/displacement, see
text) gives an almost flat angular resolution.
point. This, in turn, leads to a considerable reduc-
tion of the angular resolution in the reconstruc-
tion of the shower direction and impact parame-
ter. The displacement method, on the other hand,
does not rely on the intersection of axes, making
it independent of the stereo angle between images.
Therefore, no substantial drop in performance is
expected with increasing zenith angle.
The displacement parameter as implemented in
the VERITAS analysis (Aliu et al. 2012) was pa-
rameterized as a function of l, w, s, the zenith an-
gle z, the azimuth angle Az, as well as the pedestal
variance (a measure for readout noise fluctuations)
of the image. In contrast to earlier realizations of
the method the parameterization is done in an or-
thogonal six-dimensional parameter space stored
in the form of a lookup table that was trained with
an extensive set of Monte-Carlo simulations of γ-
ray showers. For each image the displacement pa-
rameter is read from the lookup table and results
in two most likely points of the shower direction
with respect to the image center of gravity (CoG,
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Fig. 2.— The data points show the angular dis-
tribution of excess events from 6.5 hrs of Crab
Nebula observations taken at zenith angles z >
55 deg. The showers were reconstructed with the
combined geometrical/displacement method. The
solid red line represents the angular distribution of
Monte Carlo events (same reconstruction method)
covering the same zenith angle range as the data.
The dashed blue line shows the distribution of
Monte Carlo events which were reconstructed with
the standard geometrical algorithm. The inlay
shows the smoothed excess sky map of the Crab
Nebula data (geometrical/displacement method).
in camera coordinates): CoG±displacement along
the major axis of the parameterized image. The
combination of the points of all images involved in
the event resolves the two-fold ambiguity1. The re-
construction of the shower impact parameter pro-
ceeds in a similar way, again making use of a multi-
dimensional lookup table.
Figure 1 shows the angular resolution of both
methods (geometrical and displacement) as a func-
tion of the cosine of the zenith angle z, derived
from Monte Carlo simulations. While the angu-
lar resolution of the displacement method remains
almost independent of cos(z), the angular resolu-
tion of the standard geometrical method becomes
increasingly worse at large zenith angles. A fur-
ther improvement is achieved if both methods are
combined: d = dgeo · (1 − w′) + ddisp · w′, with
the weight being calculated as w′ = exp(−12.5 ·
(cos(z) − 0.4)2) and w′ = 1 for cos(z) < 0.4, re-
1Therefore, the method requires N ≥ 2 images to work.
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 27.1 (18.8 s.d.)±excess: 401.2 
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Fig. 3.— Distribution of the squared angular dis-
tance ∆θ2 between the reconstructed shower di-
rection and the nominal position of the Galac-
tic center (data points). The distribution is also
shown with respect to the events from the reflected
OFF regions (shaded area) that are used to deter-
mine the background. The red curve represents
the point-spread function determined from Monte-
Carlo simulations for the corresponding zenith an-
gle interval, normalized to the measured excess de-
termined from the ∆θ2 ≤ 0.012 deg2 regime (ver-
tical dotted line).
spectively. Both methods benefit in similar ways
from an additional requirement of N ≥ 3 im-
ages in the event reconstruction. The method
was applied to 6.5 h of LZA Crab Nebula data
(Fig. 2). The data are in good agreement with the
simulations and illustrate the clear improvement
the displacement method provides in the case of
LZA observations. The spectrum reconstructed
from the Crab Nebula observations is shown in
Fig. 5 (in Sec. 3) and is found to be in reason-
able agreement with the H.E.S.S. measurements
obtained from lower zenith angles. The LZA Crab
data set indicates an improvement in sensitivity
of 30 − 40% when using the combined displace-
ment/geometrical method compared to the geo-
metrical method alone.
3. The Galactic center region imaged by
VERITAS
VERITAS is an array of four 12m diameter
imaging atmospheric Cherenkov telescopes and is
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located at the base camp of the Fred Lawrence
Whipple Observatory in southern Arizona at an
altitude of 1280m (Holder et al. 2008). VERI-
TAS is sensitive to γ-rays in the energy range of
100GeV to several tens of TeV. For observations
close to zenith, sources of 10% (1%) of the strength
and spectrum of the Crab Nebula are detected at
the level of 5 s. d. in 0.5 hrs (26 hrs), respectively.
The Galactic center was observed by VERI-
TAS in 2010–2012 for 46 hrs (good quality data,
dead-time corrected). Given the declination of the
Galactic center, the observations were performed
at large zenith angles in the range of z = 60.2 −
66.4 deg, resulting in an average energy thresh-
old (energy corresponding to the peak detection
rate for a Crab-like spectrum) of Ethr ≃ 2.5TeV.
The shower direction and impact parameter were
reconstructed with the geometrical/displacement
method as described in Sec. 2. Other than using
the displacement method, the standard analysis
procedure was applied with event selection cuts a-
priori optimized for weak, hard-spectrum sources:
angular separation between source position and re-
constructed shower direction of ∆θ2 ≤ 0.012 deg2,
mean scaled width/length ≤ 1.04/1.25, andN ≥ 3
images per event.
In the case of ground-based Cherenkov astron-
omy, the atmosphere acts as a calorimeter and its
influence on the transmission of Cherenkov light is
the single largest contributor to the systematic un-
certainty in the estimate of the reconstructed TeV
γ-ray energy E. The overall uncertainty for close-
to-zenith observations is estimated to be on the or-
der of ∆E/E ≃ 0.2, with an atmospheric contribu-
tion of about 0.15. For a spectrum dN/dE ∝ E−2.5
this translates into an error in flux of ∆Φ/Φ ≃ 0.2.
The column density of the atmosphere changes
with 1/ cos(z) and, conservatively, the systematic
error in the energy/flux reconstruction can be ex-
pected to scale accordingly. For the Galactic cen-
ter observations the contribution of the systematic
effect induced by the atmosphere therefore roughly
doubles as compared to low-zenith angle observa-
tions and we estimate the systematic error on the
LZA flux normalization to be ∆Φ/Φ ≃ 0.4.
This section describes the results of the TeV
γ-ray source coincident with the Galactic center.
In the three-year data set, an excess on the order
of 18 s. d. is found at the position of SgrA* (see
Fig. 3). The background for the excess study (as
well as for the energy spectrum, see below) was es-
timated from seven regions placed at the same ra-
dial camera distance as the source region (reflected
background model, see Berge et al. (2007)). The
tail in the angular excess distribution can likely be
explained by a contribution from the surrounding
diffuse emission (Aharonian et al. 2006a) which
becomes increasingly important at higher energies
(Viana & Moulin 2013). More detailed studies on
the diffuse emission morphology will be presented
in a second paper.
Figure 4 shows the VERITAS sky map of
the Galactic center region. The background in
this figure was estimated using a ring-like region
(0.45 deg ≤ r ≤ 0.7 deg) surrounding each test po-
sition (ring background model, see Berge et al.
(2007)), with a correction term taking into ac-
count the camera acceptance. Both background
models exclude known sources from the back-
ground estimate (HESS J1741-302, HESS J1745-
303, G 0.9+0.1, and the Galactic center itself).
A fit of the point spread function to the un-
correlated excess sky map results in a centroid
position of the excess in Galactic coordinates of
long = (−0.077 ± 0.006stat ± 0.013sys) deg and
lat = (−0.049 ± 0.003stat ± 0.013sys) deg with a
fit quality of χ2/d.o.f. = 77.1/61. We name
the VERITAS source VERJ1745-290. This po-
sition is compatible with the Galactic center po-
sition (long = −0.056 deg and lat = −0.046 deg)
and the position measured by H.E.S.S. Both po-
sitions are indicated in Fig. 4 which also shows
the contour lines of the diffuse emission mea-
sured by H.E.S.S. (Aharonian et al. 2006a). Fur-
thermore, Figure 4 shows the positions of the
MeV/GeV sources taken from the 2FGL Fermi
catalog (Nolan et al. 2012), as well as the con-
tour lines of the 1 − 100GeV diffuse emission af-
ter subtraction of point sources, extragalactic, and
Galactic backgrounds (Yusef-Zadeh et al. 2013).
The VERITAS energy spectrum obtained from
the three-year data set is shown in Fig. 5 and
is found to be compatible with the spectra mea-
sured by Whipple (Kosack et al. 2005), H.E.S.S.,
and MAGIC. It can be described (χ2/dof =
2.1/4) by a power law dN/dE = I0(E/5TeV)
−Γ
with a normalization at the decorrelation en-
ergy of 5TeV of I0 = (6.89 ± 0.64stat ±
2.75syst) 10
−14 ph. cm−2 s−1TeV−1 and a photon
index of Γ = 2.57 ± 0.14stat ± 0.2syst. Since
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coincident with SgrA*) are indicated in the upper left corner.
the LZA effective area of the VERITAS observa-
tions compensates for the shorter exposure (46 h)
as compared to the low-zenith H.E.S.S. observa-
tions (93 h), the statistical errors of the VERI-
TAS E > 2.5TeV data points are comparable to
those of the H.E.S.S. measurements. Recently, the
H.E.S.S. collaboration reported an updated en-
ergy spectrum that was corrected for the energy-
dependent contribution from the surrounding dif-
fuse emission, leading to a lower cut-off energy
around 10TeV (Viana & Moulin 2013).
The night-by-night integral fluxes above
2.5TeV are calculated by folding a fixed spectral
slope (derived from the energy spectrum for the
full data set: dN/dE ∝ E−2.6) with the effective
area for the zenith angle of the corresponding
night and comparing it with the excess counts
above the threshold found in the data. The fluxes
were binned according to observation periods of
∼3 week duration (as summarized in Tab. 1)
and are shown in Fig. 6 together with the yearly
integral fluxes obtained from integrating the
reconstructed energy spectra obtained for the
year begin [MJD] end [MJD]
2010 55300.4 55308.4
55328.3 55334.4
55352.3 55366.3
2011 55681.4 55694.4
55707.3 55710.4
55734.2 55743.3
2012 56033.4 56049.5
56063.3 56067.4
Table 1: The time spans (MJD) of the individual
observation periods (gray data points in Fig. 6).
Note, that observations were not performed con-
tinuously within each period, but were spread out
in 20− 60min data segments in individual nights.
individual years. No evidence for flux variabil-
ity was found in the three-year data (the fit
of a constant function to the run-by-run light
curve (20 min segments) yields a fit quality of
χ2/dof = 117/150). The H.E.S.S. collaboration
reported a fit quality of χ2/dof = 233/216 as
a result of a comparable study based on their
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2004-2006 data set divided into 28min segments
(Aharonian et al. 2009).
4. Discussion
4.1. VERITAS results in the context of
multi-wavelength data
The following potential counterparts are lo-
cated2 within the 1 ′ position uncertainty (sta-
tistical plus systematic) of the VERITAS excess:
(i) The Galactic center SgrA*, (ii) the supernova
remnant SgrA East, (iii) the PWN G359.95-0.04,
(iv) the low mass X-ray Binary AXJ1745.6-2901,
(v) nine maser objects, and (vi) about 150 X-
ray sources. Here, (i)-(iii) have the highest po-
tential for TeV γ-ray emission. SgrA East, how-
ever, was excluded as TeV counterpart by H.E.S.S.
(Acero et al. 2010). PWN G359.95-0.04 is dis-
cussed as potential counterpart in Sec. 4.2. In
general, a contribution to the measured TeV γ-
ray flux from more than one object cannot be ex-
cluded.
SgrA* is known to exhibit 2 − 10 keV X-ray
flares above the quiescent level on a regular basis,
2http://simbad.u-strasbg.fr
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Fig. 6.— Integral flux above 2.5TeV from the
direction of the Galactic center on a month-by-
month basis (open points), as well as the yearly
averages (solid points). The time of the X-ray
flare #6 detected by Swift (Degenaar et al. 2013)
is indicated. The period of X-ray Chandra obser-
vations of SgrA* (Neilsen et al. 2013) is shown
as the dotted horizontal line. VERITAS synchro-
nized four observations with the Chandra point-
ings (same day, vertical lines). The dashed hor-
izontal lines indicate the statistical error range
of the 2004-2006 average TeV γ-ray flux which
was derived by integrating the H.E.S.S. spectrum
shown in Fig. 5 for E > 2.5TeV.
as for example observed in the 2006–2011 Swift
monitoring campaign (Degenaar et al. 2013). A
bright X-ray flare (flare #6, MJD 55359) was de-
tected by Swift during the 2010 VERITAS mon-
itoring but no TeV data were taken on that par-
ticular night. The time of the X-ray flare is indi-
cated in Fig. 6 and its spectrum is shown in the
spectral energy distribution (SED) in Fig. 7 to-
gether with a baseline measurement of the con-
tinuum emission from the extended region sur-
rounding the Galactic center (including the con-
tribution of SgrA*). High spatial resolution X-ray
observations were conducted in 2012 by Chandra
(Neilsen et al. 2013) for a total of 3Ms leading to
the detection of 39 X-ray flares from the Galac-
tic center with durations ranging from O(100 s)
to O(8 ks). The observed flare luminosities in the
2 − 10 keV band reached 1034 to 2 · 1035 ergs/s.
The time span of the Chandra campaign is in-
dicated in Fig. 6, where four nights had quasi-
simultaneous coverage (same night) by VERITAS.
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Medium-intensity X-ray flares were detected in
two out of those four nights at MJD56047.7 and
56066.4. However, no significant flux changes were
observed in the TeV band (see Sec. 4.4 for an es-
timate of the VERITAS sensitivity to detect vari-
ability). In an earlier campaign an X-ray flare was
observed during joint H.E.S.S./Chandra observa-
tions in 2005; but no increase in TeV γ-ray flux
was measured (Hinton et al. 2008).
One possible origin of the observed X-ray flares
is a change/disruption in accretion rate. In mod-
els where the TeV emission comes from particle
acceleration near the black hole, one might expect
some connection between the variation in the X-
ray emission of the accretion and the TeV γ-ray
production (see next section). The frequency of
X-ray flares exceeding the quiescent state by a fac-
tor of 10 is estimated to be roughly one flare per
day (Neilsen et al. 2013). The frequency of bright
(LX > 10
35 ergs/s) X-ray flares is estimated to be
0.1 − 0.2 per day (Degenaar et al. 2013). Given
(i) the sensitivity of the VERITAS LZA Galactic
center observations, (ii) the X-ray flare intensity
and (iii) flare frequency, it is challenging to corre-
late (with either direct or delayed response func-
tions) the two wave bands on the basis of indi-
vidual flares unless much stronger X-ray flares are
observed (≫ 10 times the X-ray quiescent level).
Most TeV emission models (see next section) pre-
dict a ’smoothing out’ of the accretion/flare activ-
ity in the TeV response, if there is any relationship
at all.
Four more medium-intensity X-ray flares with
durations of less than one hour and energies
reaching up to 79 keV were detected in a NuS-
TAR campaign conducted in summer/fall 2012
(Barriere et al. 2014). Although the VERITAS
2012 observations had already ended by that time,
the measured spectra of the two strongest flares
J212 (07/2012) and O17 (10/2012) are shown in
Fig. 7 for reference.
At current times the emission level from the
Galactic center is roughly 10 orders of magnitude
below its Eddington luminosity (Terrier et al.
2010; Sunyaev et al. 1993). Spatial and tempo-
ral variations in the X-ray flux measured from
molecular clouds surrounding the Galactic center
have been found (Terrier et al. 2010; Ponti et al.
2010; Sunyaev et al. 1993). The results are inter-
preted as a bright 1039 ergs/s outburst of a source
coincident with SgrA* that happened O(100) y
ago. These findings indicate long-term varia-
tions in accretion/brightness of the central source
(Ponti et al. 2010). Recently, the Fermi/LAT
instrument discovered two large γ-ray bubbles
extending below and above the Galactic center
(Su et al. 2010). Although the origin of the bub-
bles remains unclear so far, a significant increase
in energy injection from the Galactic center on
times scales of Myr is discussed as one of the
possibilities (Su et al. 2010); for example, in the
form of a plasma jet originating from the (pre-
viously brighter) active galactic nucleus in our
galaxy (Yang et al. 2013; Guo et al. 2012).
4.2. Comparison to models
A variety of astrophysical models have been
proposed to explain the GeV/TeV γ-ray emission
from the Galactic center region. This section dis-
cusses a selection of leading models that cover the
range of viable hypotheses. The models are shown
together with the VERITAS and multi-wavelength
data in Fig. 7. Most of the models were tuned
based on the H.E.S.S. results so that a general
agreement with the VERITAS spectrum is not sur-
prising. While some of these models link accretion
onto the black hole to the X-ray and γ-ray data,
most of them find a way to address the lack of
variability in the TeV emission, and a direct flux
correlation between the X-ray/TeV band is not
predicted. With respect to the TeV γ-ray emis-
sion, models can be divided into two broad classes:
hadronic models or leptonic models depending on
which species of energetic particles dominates the
γ-ray emission.
4.2.1. Hadronic models
Most of the hadronic acceleration mod-
els such as Chernyakova et al. (2011) and
Ballantyne et al. (2011) explain the emission by
the following mechanism: (i) protons are being
accelerated in the black hole vicinity at distances
of up to a few tens of Schwarzschild radii. (ii)
The accelerated protons diffuse out into the in-
terstellar medium where they (iii) undergo nu-
clear interactions and produce neutral pions which
decay into GeV/TeV γ-rays: pi0 → γγ. The
spectral break between the MeV/GeV and TeV
spectra is explained by a strong energy depen-
dence of the diffusion coefficient separating the
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high-energy particles into two different diffusion
regimes (Chernyakova et al. 2011). Changes in
the TeV flux can potentially be caused by changes
in the black hole vicinity (e.g. accretion) but
will not manifest themselves instantaneously. The
time scales of flux variations in these models are
∼104 y at MeV/GeV energies (old flares) and
∼10 y at E > 10TeV (‘new’ flares caused by
recently injected high-energy particles). Signifi-
cant spectral variability has not been seen but is
also not strongly constrained following ∼15 years
of observations by Whipple, H.E.S.S., MAGIC,
and VERITAS. However, such variability can be
expected in this model for E > 10TeV with
the TeV spectrum softening following an outburst
(Ballantyne et al. 2011). Constraining the E >
10TeV spectral variability would serve as an im-
portant test for this class of models (see Sec. 4.4
for an estimate of the VERITAS sensitivity to con-
strain flux variability). Linden et al. (2012) dis-
cuss the surrounding gas as a proton target that
defines the morphology of the TeV γ-ray emission.
Fatuzzo & Melia (2012) interpret the inflected
structure in the GeV/TeV spectrum as a hint for
an energizing process more complicated than typ-
ical non-relativistic diffusive shock acceleration.
While questioning some of the assumptions made
by Chernyakova et al. (2011) their model assumes
a steady-state cosmic-ray ejection by SgrA* with-
out a particle diffusion coefficient that strongly de-
pends on energy. Their model treats the inner par-
secs of the galaxy as a uniform wind zone (interac-
tions of stellar winds from the surrounding young
stars) that encompasses a high-density molecular
torus with an inner radius of 1.2 pc and a thick-
ness of 1 pc. The high-energy tail of the thermal
proton distribution near the black hole serves as
a seed population for the stochastic acceleration
process. The γ-rays are produced via pi0 decays
or electromagnetic pi± cascades as a consequence
of pp scattering. In this scenario the emission ob-
served in the Fermi/LAT band is dominated by
scattering in the torus whereas the TeV emission
is dominated by scattering in the wind zone.
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Motivated by the recent IceCube detection of
five E > 30TeV neutrinos from the direction of
the Galactic center region (Aartsen et al. 2013),
Supanitsky (2014) studies the interaction of cos-
mic ray protons (i) accelerated by sources in the
Galacic center region, (ii) interacting with ambi-
ent protons, and (iii) calculates the resulting γ-ray
and neutrino spectra. It should be stressed that
Supanitsky (2014) discusses a hypothetical PeV
cosmic ray accelerator (Pevatron) located in the
Galactic center region, which has no experimental
evidence for its existence so far. Not surprisingly,
the predicted spectrum differs substantially from
the models discussed above and can be constrained
by more sensitive observations at the highest en-
ergies.
4.2.2. Leptonic models
Atoyan & Dermer (2004) discuss a black hole
plerion model. Here, a magnetized leptonic wind
originates from the advection dominated accre-
tion flow surrounding the black hole and results
in a termination shock located at a distance of
3× 1016 cm (≃ 7500 Schwarzschild radii) from the
black hole. The shock accelerates leptons to rel-
ativistic energies which in turn produce TeV γ-
rays via inverse Compton scattering. This model
fails to explain the flux in the MeV/GeV regime
(Fig. 7). However, given the limited angular res-
olution, the emission observed in the Fermi/LAT
band may well originate from a different region,
different source, or a different spectral component
in the same source. Future Fermi/VERITAS flux
correlation studies will serve as crucial experimen-
tal inputs to understand a possible common versus
separate origin of these two SED components. The
hadronic models, on the other hand, can explain
the MeV/GeV part of the SED by the superpo-
sition of different flare stages that occured in the
recent history of the source. The flux variability
time scale in Atoyan & Dermer (2004) is on the
order of Tvar ∼100 y and therefore provides a pre-
diction that would be falsified by the detection of
TeV γ-ray flux variability.
Kusunose & Takahara (2012) discuss a lep-
tonic model that involves a different loca-
tion/mechanism for the MeV/GeV versus TeV
emission. The observed (quasi-continuous) X-
ray flaring is seen as synchrotron emission of
non-thermal electrons that are injected and ac-
cumulate in a region of r ≤ 1018 cm (≃ 7.5 ·
105 Schwarzschild radii) around the black hole.
These electrons produce MeV/GeV γ-rays seen
by Fermi/LAT via inverse Compton scattering off
soft star/dust photons3. By increasing the elec-
tron Lorentz factor and reducing the injection rate
the model can be tuned to describe the TeV emis-
sion, as well. However, it cannot describe the
MeV/GeV and TeV emission with a single set of
model parameters suggesting different origins or
emission zones of the two measured spectral com-
ponents.
Hinton & Aharonian (2007) link the TeV emis-
sion to the recently discovered pulsar wind neb-
ula G 359.95-0.04 (Wang et al. 2006) located only
0.3 pc (projected) away from the Galactic cen-
ter. The authors adjust the PWN/TeV scenario
to the very high density of low-frequency radia-
tion found in the particular region of the Galac-
tic center. This environment leads to a harden-
ing of the high-energy electron spectrum and to
more efficient TeV emission as compared to the
same PWN located in a ‘regular’ environment.
The model does not describe the Fermi-observed
MeV/GeV spectrum which in this scenario would
originate from a different location. Given the
instruments’ point spread functions (VERITAS:
≃ 0.1 deg, Fermi/LAT: ≃ 0.5 deg at 1− 100GeV,
≃ 2.5 deg at 100MeV− 1GeV), neither Fermi nor
VERITAS is capable of distinguishing between the
positions of G 359.95-0.04 and the Galactic center
based on the measured excess location.
It should be noted that the E > 10TeV lep-
tonic emission in the models discussed above is
strongly Klein-Nishina suppressed in the case of
photon fields with temperatures above 100K.
4.2.3. Hybrid models
Guo et al. (2013) discuss a hybrid model that
assumes simultaneous acceleration of hadrons and
electrons during a past phase of activity of the
Galactic center and significant contributions to the
observed SED by both hadronic and leptonic ra-
diative processes. The particles are accelerated in
a region surrounding the black hole with a radius
of approximately 10 Schwarzschild radii, diffuse
3The model versus data difference in the radio regime is ex-
plained by a difference in emission regions considered versus
measured.
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outward and interact with interstellar gas and ra-
diation fields, respectively. In this scenario the
hadrons are responsible for the TeV emission via
the pi0 decay channel from a region with r <
3 pc. Fast cooling electrons, on the other hand,
would dominate the MeV/GeV emission via in-
verse Compton scattering off the soft background
photons in a region with r < 1.2 pc. The cut-off
in the MeV/GeV spectrum moves towards lower
energies and the spectrum softens with increasing
time since particle injection activity. The time
dependence of the TeV spectrum is weaker, with
a softening trend in time. Both spectral compo-
nents drop in flux by roughly a factor of two within
O(100 y). Within this framework, the measured
MeV/GeV and TeV spectra can be simultaneously
explained by a 1048 erg injection event roughly 200
years ago. The authors note that an outburst simi-
lar to the one observed by Chandra in 2012 would
lead to TeV emission three orders of magnitude
below the current measurements – implying that
much stronger past activity was responsible for the
current state of MeV/GeV/TeV emission.
4.3. Prospects for dark matter limits
A number of extensions to the standard model
of particle physics predict new particles with TeV-
scale masses. Supersymmety, e.g., provides a nat-
ural candidate for WIMP dark matter, the neu-
tralino or lightest (stable) sypersymmetric parti-
cle. If these WIMPs were thermal relics, their in-
teractions in the early Universe imply that they
will interact with ordinary matter in the present,
annihilating to form standard model particles and
γ-rays or, in some cases, even decaying.
In almost any scenario of cold dark mat-
ter structure formation, the Milky Way halo is
thought to be peaked in the Galactic center re-
gion and the annihilation rate, proportional to
the density squared, would be even more strongly
peaked near the Galactic center. WIMPS could
annihilate directly to γ-rays forming narrow lines
(through χχ → γγ or χχ → γ + Z0) or an-
nihilate to quarks or heavy leptons, hadronizing
and producing secondary γ-rays in a continuum
(Jungman et al. 1996). The resulting spectrum
would have a cut-off near the WIMP mass mχ,
as well as a detailed spectral shape determined by
the annihilation channel.
Prior to the LHC, the natural mass for WIMPs
was thought to fall below TeV energies, the energy
range previous searches had been focusing on (see
e.g. Abramowski et al. (2011)). But with recent
contraints from the LHC, multi-TeV scale WIMPs
have attracted increasing attention (Livio & Silk
2014). Above a few TeV, nonperturbative effects
(e.g., Sommerfeld enhancements from W or Z ex-
change) could boost the annihilation cross-section
by more than an order of magnitude. Thus, multi-
TeV measurements of γ-ray emission from the
Galactic center are of great interest. The study of
diffuse emission and upper limits on a dark matter
annihilation signal will follow this paper that first
identifies astrophysical point sources.
4.4. Prospects of future VERITAS obser-
vations
As discussed in Sec. 4.2, most of the emis-
sion models start to differ in the cut-off regime
around 10TeV (see Fig. 7). Furthermore, some
of the hadronic models predict variability in the
E > 10TeV flux on time scales of O(10 y) whereas
the leptonic model family predicts flux changes on
time scales not shorter than O(100 y). The differ-
ences are to a large extent the result of different as-
sumptions concerning the acceleration rates (and
sizes of the emission regions): the hadronic models
assume abrupt changes in acceleration whereas the
leptonic models assume much slower variations in
the acceleration rate. Future VERITAS observa-
tions would help to constrain the different models
by having a more accurate measurement of the
cut-off energy, as well as better constraints on the
time variability of the emission.
In the data set presented in this paper, VER-
ITAS detects emission from the direction of the
Galactic center above 10TeV at a significance level
of 7.5 s. d. with a rate of 1.1 s. d. per
√
h. Assuming
a continuation of the monitoring of 15 h per year
the change in E > 10TeV flux can be constrained
as follows. Assuming an increase in the flux of
0/50/100% the VERITAS detection within indi-
vidual years would result in excess significances of
4.4/6.7/8.8 s. d., respectively. The doubling of the
flux from one year to another could be detected
at the level of 3.4 s. d. An increase by a factor
of three would be highly significant (5 s. d.). An
estimate of the corresponding sensitivity for flux
changes in the whole energy range covered by the
VERITAS observations (E & 2.5TeV) would re-
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sult in the detection of a 40% increase in flux from
one year to another at the level of 5.5 s. d.
The X-ray flares observed by Swift, Chandra,
and NuSTAR can reach flux amplitudes of more
than one order of magnitude above the X-ray qui-
escence level. Although the TeV emission models
discussed in Sec. 4.2 do not predict a direct link, it
is important to constrain/exclude X-ray/TeV flux
correlations (e.g. X-ray flares may mark a differ-
ent mechanism that potentially could be accompa-
nied by direct TeV γ− ray emission). Assuming a
comparable increase in X-ray vs. TeV flux, VERI-
TAS would be able to establish the corresponding
flux variability at a high level of significance. How-
ever, the X-ray flares only last for short time scales
of O(1 h) so that exactly simultaneous X-ray/TeV
observations are required during a strong X-ray
flare to test a possible correlation.
Another strong motivation for a continuation
of the TeV monitoring of the Galactic center re-
gion is the gaseous object G 2 heading towards
its center (Gillessen, et al. 2012). Although the
predictions for the changes in accretion rate vary
(but will be further constrained by ongoing multi-
wavelength campaigns in the years to come), this
event marks a unique opportunity in which well-
defined changes of the environment conditions of
the black hole vicinity can be used to study the
corresponding impacts on non-thermal emission
in the X-ray band and up to MeV/GeV/TeV
energies. Although the TeV flux will in most
models react to changes in accretion on time
scales ≫ 1 y, short-term changes in the high-
energy regime by local shock acceleration due to
the merging process cannot be excluded. Obser-
vations in the GeV/TeV regime with the next-
generation instrument, the Cherenkov Telescope
Array (CTA Consortium 2010), will be almost
one order of magnitude more sensitive and will be
well-suited for more detailed variability studies.
As of the beginning of 2014 the ongoing ra-
dio monitoring with the VLA did not yet reveal
a significant brightening of the Galactic center re-
gion due to the merger (Chandler & Sjouwerman
2014). However, the process of merging is believed
to last for several decades, with inaccurate predic-
tions so far about its exact onset.
5. Summary and conclusions
The implementation of the displacement
method in the VERITAS data analysis chain has
substantially improved the shower reconstruction
and sensitivity for data taken at large zenith an-
gles. It allows detection of the Galactic center at
the level of 5 s. d. in roughly 3 hrs with z > 60 deg
observations. The measured energy spectrum is
found to be in agreement with earlier measure-
ments by H.E.S.S., MAGIC, and Whipple. At en-
ergies above 2.5TeV the VERITAS measurements
are competitive with H.E.S.S. Further constraints
on emission models can be placed by future obser-
vations to measure the cut-off energy in the spec-
trum and to determine limits on the flux variabil-
ity at the highest energies. The recently discov-
ered gaseous object G 2 heading towards the im-
mediate vicinity of the Galactic center black hole
(Gillessen, et al. 2012) represents further motiva-
tion for future TeV γ-ray monitoring of this region:
in addition to the potential for discoveries, the ob-
servations will establish a base line TeV γ-ray flux
and spectrum that can be used to study possible
changes caused by the merging process that can
potentially last for several decades (Abarca et al.
2014; Ballone et al. 2014; Saitoh et al. 2014). An
upper limit on diffuse γ-ray emission surrounding
the Galactic center region and, in consequence, a
limit on the photon flux initiated by the annihila-
tion of dark matter will be presented in a separate
publication.
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